
A SARS-CoV-2-Related Virus from Malayan Pangolin Causes
Lung Infection without Severe Disease in Human ACE2-
Transgenic Mice

Mei-Qin Liu,a,b Hao-Feng Lin,a,b Jing Li,c Ying Chen,a,b Yun Luo,a,b Wei Zhang,a Ben Hu,a Feng-Juan Tian,c Yun-Jia Hu,c Yu-Jie Liu,c

Ren-Di Jiang,d Qian-Chun Gong,d Ang Li,a,b Zi-Shuo Guo,a,b Bei Li,a Xing-Lou Yang,a Yi-Gang Tong,c Zheng-Li Shia

aCAS Key Laboratory of Special Pathogens, Wuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, Hubei, People’s Republic of China
bUniversity of Chinese Academy of Sciences, Beijing, People’s Republic of China
cCollege of Life Science and Technology, Beijing University of Chemical Technology, Beijing, China
dState Key Laboratory of Genetic Engineering, School of Life Sciences, Fudan University, Shanghai, China

Mei-Qin Liu, Hao-Feng Lin, and Jing Li contributed equally to this work. Author order was determined by drawing straws.

ABSTRACT Coronavirus disease 2019 (COVID-19), which is caused by the novel corona-
virus severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is the most severe
emerging infectious disease in the current century. The discovery of SARS-CoV-2-related
coronaviruses (SARSr-CoV-2) in bats and pangolins in South Asian countries indicates
that SARS-CoV-2 likely originated from wildlife. To date, two SARSr-CoV-2 strains have
been isolated from pangolins seized in Guangxi and Guangdong by the customs agency
of China, respectively. However, it remains unclear whether these viruses cause disease
in animal models and whether they pose a transmission risk to humans. In this study,
we investigated the biological features of a SARSr-CoV-2 strain isolated from a smuggled
Malayan pangolin (Manis javanica) captured by the Guangxi customs agency, termed
MpCoV-GX, in terms of receptor usage, cell tropism, and pathogenicity in wild-type
BALB/c mice, human angiotensin-converting enzyme 2 (ACE2)-transgenic mice, and
human ACE2 knock-in mice. We found that MpCoV-GX can utilize ACE2 from humans,
pangolins, civets, bats, pigs, and mice for cell entry and infect cell lines derived from
humans, monkeys, bats, minks, and pigs. The virus could infect three mouse models but
showed limited pathogenicity, with mild peribronchial and perivascular inflammatory
cell infiltration observed in lungs. Our results suggest that this SARSr-CoV-2 virus from
pangolins has the potential for interspecies infection, but its pathogenicity is mild in
mice. Future surveillance among these wildlife hosts of SARSr-CoV-2 is needed to moni-
tor variants that may have higher pathogenicity and higher spillover risk.

IMPORTANCE SARS-CoV-2, which likely spilled over from wildlife, is the third highly
pathogenic human coronavirus. Being highly transmissible, it is perpetuating a pan-
demic and continuously posing a severe threat to global public health. Several SARS-
CoV-2-related coronaviruses (SARSr-CoV-2) in bats and pangolins have been identified
since the SARS-CoV-2 outbreak. It is therefore important to assess their potential of
crossing species barriers for better understanding of their risk of future emergence. In
this work, we investigated the biological features and pathogenicity of a SARSr-CoV-2
strain isolated from a smuggled Malayan pangolin, named MpCoV-GX. We found that
MpCoV-GX can utilize ACE2 from 7 species for cell entry and infect cell lines derived
from a variety of mammalian species. MpCoV-GX can infect mice expressing human
ACE2 without causing severe disease. These findings suggest the potential of cross-
species transmission of MpCoV-GX, and highlight the need of further surveillance of
SARSr-CoV-2 in pangolins and other potential animal hosts.
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Coronavirus disease 2019 (COVID-19) emerged at the end of December 2019 and
has been the most devastating pandemic in the current century (1, 2). The causa-

tive pathogen, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), belong-
ing to the species SARS-related coronavirus (SARSr-CoV) in the genus Betacoronavirus of
the family Coronaviridae (3), has been identified as the third coronavirus highly patho-
genic to humans after the severe acute respiratory syndrome coronavirus (SARS-CoV)
and Middle East respiratory syndrome coronavirus (MERS-CoV) (4–7). It causes viral
pneumonia, manifested by fever, cough, chest discomfort, and dyspnea, bilateral lung
infiltration, and even death in severe cases (8, 9).

Following the identification of SARS-CoV-2, we and other groups reported the discovery
of diverse SARS-CoV-2-related CoVs (SARSr-CoV-2) in bats collected in Southeast Asian
countries and China and pangolins seized by the Chinese customs agency during 2010 to
2020 (1, 10–17). The closest SARSr-CoV-2 known to date is BANAL-52, which was identified
in 2020 from the rectal swab of a Rhinolophus malayanus bat from Laos, with 96.8% iden-
tity to SARS-CoV-2 at the whole-genome level (16). RaTG13, which was detected in a
Rhinolophus affinis bat collected in 2013 in Yunnan Province, China, shares 96.2% genome-
wide nucleotide identity with SARS-CoV-2 but only 93.1% in the spike (S) gene (1). In addi-
tion to these two close relatives of SARS-CoV-2, other coronaviruses similar to SARS-CoV-2
have been identified in various species of Rhinolophus bats from Thailand, Cambodia,
China, and Japan sharing 81.5% to 93.3% full-length genome identities and 71.3% to
81.3% S gene sequence identity to SARS-CoV-2 (11, 12, 15, 17). Besides bats, SARSr-CoV-2
strains have been identified in Malayan pangolins smuggled from Southeast Asia (13, 14).
These viruses, here named MpCoV-GX and MpCoV-GD, show 85.4% and 92.4% genome-
wide and 92.6% and 90.7% S gene nucleotide identity to SARS-CoV-2, respectively (13, 14).
Currently, however, only one bat SARSr-CoV-2 has been isolated, which challenges the fur-
ther characterization of these viruses (16). In contrast, the two pangolin SARSr-CoV-2
(MpCoV-GX and MpCoV-GD) have been successfully isolated (13, 14).

Human angiotensin-converting enzyme 2 (hACE2) is the cell receptor for SARS-CoV,
SARS-CoV-2 (1, 18), and some bat SARSr-CoVs (19, 20). Studies have shown that MpCoV-GX
and MpCoV-GD efficiently utilize human ACE2 as the receptor, and MpCoV-GX exhibits
infection characteristics similar to SARS-CoV-2 and direct contact transmissibility in ham-
sters (21–23). However, their biological features have not been deeply characterized. Here,
we investigated the cellular susceptibility and replication kinetics of MpCoV-GX in vitro and
in vivo in wild-type BALB/c mice, human ACE2-transgenic mice, and human ACE2 knock-in
mice. Body weight changes, viral genome copies in organ tissues, and the lung histopa-
thology of infected mice were analyzed with the aim of expanding our understanding
about the interspecies infection risk of MpCoV-GX. We expect that this information will
shed new light on the pathogenesis of wildlife-borne SARSr-CoV-2 and provide reference
for the prevention of future emerging infectious diseases caused by this group of viruses.

RESULTS
MpCoV-GX utilizes ACE2s of different origins for cell entry. The receptor-binding

domain (RBD) of MpCoV-GX has been shown to interact with ACE2 from 18 mammal
species by flow cytometry (23). To validate whether MpCoV-GX can also use ACE2 from
different species as a cellular entry receptor, we assessed virus infectivity using A549
cells transiently expressing ACE2 derived from pangolin (Manis pentadactyla), human,
bat (Rhinolophus sinicus and Rhinolophus affinis), civet, mouse, and swine. We found
that MpCoV-GX used all tested ACE2s for the entry and replicated in the ACE2-express-
ing cells, indicating that the virus has a wide host range in terms of receptor usage.
However, quantitative PCR (qPCR) results showed no obvious virus amplification after
24 h of infection, and only a few ACE2-expressing cells were infected. These results
suggested that the replication efficiency and infectivity of MpCoV-GX are restricted in
A549 cells (Fig. 1).

MpCoV-GX RBD binds to human, pangolin, and mouse ACE2 with different effi-
ciencies. The pangolin coronaviruses from Guangxi and Guangdong were both isolated
from Malayan pangolins. Because the live virus of MpCoV-GD was not available, we
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FIG 1 Analysis of the ACE2 usage spectrum of MpCoV-GX using immunofluorescence assay and RT-qPCR. A549 cells with and without
expression of ACE2 from different species were infected with MpCoV-GX at an MOI of 1.0. ACE2 expression was detected using a mouse

(Continued on next page)
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compared the binding affinities of MpCoV-GX and the MpCoV-GD RBD to human and
mouse ACE2. We expressed the RBDs from MpCoV-GX/GD and ACE2s from humans, mice,
and Malayan pangolins in HEK293-F cells and then tested the binding affinity between
them based on the equilibrium dissociation constant (KD) using biolayer interferometry
(Fig. 2G). Both RBDs from MpCoV-GX and -GD bound ACE2s from humans, pangolins, and
mice (Fig. 2A to F), with the binding affinity to human ACE2 higher than that to mouse
ACE2, and the lowest affinity to pangolin ACE2 (Fig. 2H).

Replication kinetics of MpCoV-GX in different cell lines. To assess the cross-spe-
cies infection potential of MpCoV-GX, we inoculated the virus in 30 cell lines derived

FIG 1 Legend (Continued)
anti-S tag monoclonal antibody and an FITC-labeled goat anti-mouse IgG(H1L). At 24 hpi, virus replication was detected using rabbit serum
against the SARSr-CoV-Rp3 Np and a Cy3-conjugated goat anti-rabbit IgG. Nuclei were stained with DAPI. hACE2, human ACE2; MpACE2,
Manis pentadactyla ACE2; mACE2, mouse ACE2; RsACE2, Rhinolophus sinicus ACE2; RaACE2, Rhinolophus affinis ACE2; sACE2, swine ACE2;
cACE2, civet ACE2; A549, no ACE2 expression. The columns (from left to right) show staining of nuclei (blue), ACE2 expression (green), virus
replication (red), merged triple-stained images, and RT-qPCR results, respectively (n = 3). Error bars represent the standard error. Staining
patterns were examined using a confocal microscope. Bars, 40 mm.

FIG 2 Binding affinities of MpCoV-GX and -GD RBDs to human, mouse, and pangolin ACE2s. (A to C) Binding of MpCoV-GD RBD protein to human, mouse,
and pangolin ACE2s. (D to F) Binding of MpCoV-GX RBD protein to human, mouse, and pangolin ACE2s. (G) Purified ACE2 proteins from humans (hACE2),
pangolins (MpACE2), and mice (mACE2) and RBD proteins from MpCoV-GD (MpCoV-GD RBD) and MpCoV-GX (MpCoV-GX RBD). (H) Comparison of
dissociation constants (KD) between MpCoV-GD and -GX RBDs and human, mouse, and pangolin ACE2s. Binding was analyzed in comparison to MpCoV-GX
RBD binding to human ACE2.
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from different tissues or organs of different host species at a multiplicity of infection
(MOI) of 0.1 (Table 1). Of the seven tested human cell lines (Table 1), Caco-2, Calu-3,
and Huh7 were susceptible to MpCoV-GX, with the latter two being more supportive.
All three cell lines derived from nonhuman primates (Vero, LLC-MK2, and VeroE6)
showed high virus replication throughout the 96 h. MpCoV-GX showed stronger repli-
cation capacity in Vero cells than in VeroE6 cells from 12 h postinfection (hpi) to 48
hpi. Two (IBRS and LLC-PK1) of the four tested swine cell lines were susceptible to
MpCoV-GX infection, with the former being more supportive. In contrast, cells derived
from Rhinolophus (RsKT) and mink (Mv.1.lu) showed limited susceptibility to MpCoV-GX
infection (Fig. 3A and B).

Clinical manifestation and pulmonary pathological features of MpCoV-GX
infection in different mouse models. To assess the pathogenicity of MpCoV-GX in mice,
wild-type BALB/c mice (8 weeks of age), human ACE2-transgenic mice (8 to 12 weeks of
age), and human ACE2 knock-in mice (10 to 12 months of age) were intranasally inoculated
with 4 � 105 median tissue culture infectious doses (TCID50) of the virus. Each type of mice
was divided into two groups, one for monitoring weight change and the survival rate
(n = 8) and one for tissue sampling at various time points after infection (n = 18). In addi-
tion, four and six mice were mock infected as corresponding control groups. Six mice
(three males and three females) were sacrificed for collection of tissue and blood samples
at 1, 3, and 5 days postinfection (dpi) (Fig. 4A). In the survival monitoring groups, the body
weight of the infected animals showed a slight decrease from 1 dpi but later recovered in

TABLE 1 Cell lines derived from different hosts that were tested for susceptibility to MpCoV-GX

Host Cell line Origin of cell line Expression of N protein at 24 hpia

Human A549 Homo sapiens lung 2
HeLa H. sapiens cervix 2
Calu-3 H. sapiens lung 11
Hep2 H. sapiens larynx 2
Huh7 H. sapiens liver 11
RD H. sapiensmuscle 2
Caco-2 H. sapiens colon 1

Monkey Vero Chlorocebus aethiops kidney 1111
LLC-MK2 Macaca mulatta kidney 111
VeroE6 Chlorocebus aethiops kidney 1111

Bat RsKT Rhinolophus sinicus kidney 1
RsLub R. sinicus lung 2
MdKib Myotis davidii kidney 2
RlKT Rousettus leschenaultii kidney 2
PaKi Pteropus alecto kidney 2

Swine ST Sus scrofa testicle 1
SIEC Sus scrofa intestinal 2
IBRS Sus scrofa kidney 1111
LLC-PK1 Sus scrofa kidney 1

Dog MDCK Canis familiaris kidney 2
Mink Mv.1.lu Mustela vison lung 1

Hamster BHK21 Mesocricetus auratus kidney 2
V79 Cricetulus griseus lung 2
CHO Cricetulus griseus ovary 2

Rat BRL Rattus norvegicus liver 2
H9c2 Rattus norvegicus heart 2

Mouse L929 Mus musculus lung 2
MS1 Mus musculus pancreas 2
SYF Mus musculus embryo 2
FL83B Mus musculus liver 2

aExpression efficiency of N protein is defined by Cy3-positive cell ratio:2, 0;1, 1% to 5%;11,.5% to 25%;
111,.25% to 50%;1111,.50%.

bPrimary cell lines.
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the wild-type and hACE2-KI groups, while there was no obvious body weight change in the
HFH4-hACE2 group (Fig. 4B). All infected mice survived to the endpoint without evident
symptoms. Mouse peripheral blood was used for routine blood analysis up to 5 dpi. In the
infected BALB/c group, neutrophils increased at 1 dpi, decreased at 3 dpi, and recovered to
the normal level at 5 dpi, whereas lymphocytes decreased at 1 dpi, increased at 3 dpi, and
returned to the normal level at 5 dpi, compared with those in control mice (Fig. 4C).

FIG 3 Analysis of the host range and replication efficiency of MpCoV-GX. (A) Virus Np was detected at 24 hpi by an immunofluorescence assay using
rabbit serum against the SARSr-CoV-Rp3 Np and a Cy3-conjugated goat anti-rabbit IgG. Nuclei were stained with DAPI. Bars, 100 mm. (B) Virus replication
was detected by RT-qPCR in supernatants of virus-infected cells. Cell line information is provided in Table 1.

Cross-Species Potential of a Pangolin Coronavirus Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01719-22 6

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01719-22


FIG 4 Clinical symptoms, viral replication, and tissue distribution of MpCoV-GX. (A) Mice were mock infected (n = 4) or
intranasally infected (n = 8) with 4 � 105 TCID50 of MpCoV-GX and sacrificed for tissue and blood sampling at 1, 3, and 5 dpi.

(Continued on next page)
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Infected HFH4-hACE2 mice showed the same changes in neutrophils and lymphocytes,
except that neutrophils increased and lymphocytes decreased at 5 dpi (Fig. 4C). There were
no obvious differences in the blood between infected KI-hACE2 mice and the control group
(Fig. 4C).

We investigated the replication capability of MpCoV-GX using qPCR. Viral RNA was
detected in the heart, liver, lungs, intestines, and brain of wild-type BALB/c mice (Fig.
4D) and in the lungs and kidneys of HFH4-hACE2 mice (Fig. 4D). In infected KI-hACE2
mice, viral RNA copies were detected only in the lung tissue (Fig. 4D). Viral loads were
the highest in the lungs in all infected groups. Virus clearance was rapid in BALB/c and
HFH4-hACE2 lung tissues; viral RNA was barely detectable at 3 dpi. In the lung tissues
of infected KI-hACE2 mice, viral shedding was maintained until 5 dpi (Fig. 4D).

Furthermore, we quantified 21 cytokines/chemokines in sera collected at 1 dpi using a
Luminex cytokine assay. The results demonstrated that MpCoV-GX infection altered the
cytokine/chemokine profiles. For instance, MIP-1a and interleukin-2 (IL-2) expression was
increased in all three models. Notably, IL-1b , a major inflammatory indicator, was highly
elevated in BALB/c mice (Fig. 4E).

To monitor viral shedding in the infected animals, oropharyngeal and anal swabs were
collected from mice in each survival monitoring group until 5 dpi. Viral RNA was detected
in the oropharyngeal swabs of 6 out of 8 BALB/c mice and 4 out of 8 HFH4-hACE2 mice at
1 dpi and in 2 BALB/c mice at 2 dpi (Table 2). No viral RNA was detected in anal swabs in
these two groups (Table 2). As no efficient virus replication was detected in oropharyngeal
and anal swabs in the BALB/c and HFH4-hACE2 mouse models, we did not assess virus
shedding in oropharyngeal or anal swabs from KI-hACE2 mice.

We analyzed lung tissue damage using hematoxylin and eosin (H&E) staining (Fig.
5). The infected mice showed different levels of inflammatory cell infiltration into the
lungs during the course of infection, while there was no obvious tissue damage
in mock-infected lungs (Fig. 5A to C). At 1 dpi, virus-infected lungs displayed a few
lesions of focal interstitial pneumonitis composed of monocytes and lymphocytes, but
they were not consistent in all mice. Infected lungs displayed a few thickened alveolar
walls with monocyte and lymphocyte infiltration, and increased numbers of macro-
phages and lymphocytes in some alveolar spaces, with minor fibrin exudation (Fig. 5D
to F). Moderate interstitial pneumonia appeared at 3 dpi, including multifocal lesions,
increased inflammatory cells (lymphocytes and monocytes) in the peribronchial and
perivascular regions, and fibrin exudation and protein-rich edema in some alveoli (Fig.
5G to I). Mild peribronchial and perivascular infiltration was observed in all mice at
5 dpi (Fig. 5J to L). Semiquantitative pathological scoring was in line with the H&E
pathological observations in the three mouse models. No pathological changes were

FIG 4 Legend (Continued)
(B) Mouse body weight was monitored until 12 dpi. (C) Peripheral blood was collected from mock-infected (n = 6) and virus-
infected mice at 1 (n = 6), 3 (n = 6), and 5 (n = 6) dpi. The white blood cell (WBC) population was measured using a ProCyte Dx
hematology analyzer. Error bars indicate the standard error. Statistical significance was measured by two-way analysis of variance in
comparison with the mock infection group. **, P , 0.01; ***, P , 0.001; ****, P , 0.0001. (D) Mice (n = 6) were sacrificed and
tissue (heart, liver, spleen, lung, kidney, intestine, brain, and eyes) and blood samples were collected at 1, 3, and 5 dpi, respectively,
and viral RNA copy numbers were determined using RT-qPCR. (E) Serum cytokine/chemokine heatmap in infected mice at 1 dpi.
GM-CSF, granulocyte-macrophage colony-stimulating factor; IFN-g , gamma interferon; TNF-a, tumor necrosis factor alpha.

TABLE 2 Viral shedding by BALB/c and HFH4-hACE2 mice of MpCoV-GXa

Mouse model

No. of positive mice/total no.

Oropharyngeal swabb Anal swab

1 dpi 2 dpi 3 dpi 4 dpi 5 dpi 1 dpi 2 dpi 3 dpi 4 dpi 5 dpi
BALB/c 6/8 2/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8
HFH4-hACE2 4/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8 0/8
KI-hACE2 — — — — — — — — — —
aWild-type BALB/c and HFH4-hACE2 mice were intranasally inoculated with 4� 105 TCID50 of MpCoV-GX.
bOropharyngeal and anal swabs from mice (n = 8) were used for viral RNA detection.—, not determined.
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FIG 5 Histopathological changes and pathological scoring in the three mouse models. Six euthanized mice were used to examine pathological
changes in the lungs at 1, 3, and 5 dpi. (A to C) H&E staining of mock-infected BALB/c, HFH4-hACE2, and KI-hACE2 mouse lungs. (D to F) H&E
staining of virus-infected BALB/c and HFH4-hACE2 mouse lungs at 1 dpi showing inflammatory cells in the peribronchial (blue arrows) and
perivascular (green arrows) regions. There are some damaged alveoli (orange arrows) and thickened alveoli (black arrows) in HFH4-hACE2 and KI-
hACE2 mouse lungs. (G to I) H&E staining of virus-infected BALB/c mouse showing slightly peribronchial (blue arrows) and perivascular (green arrows)

(Continued on next page)

Cross-Species Potential of a Pangolin Coronavirus Journal of Virology

February 2023 Volume 97 Issue 2 10.1128/jvi.01719-22 9

https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01719-22


observed in the mock-infected mice (Fig. 5M to O). Using an immunofluorescence
assay with a cross-reaction polyclonal antibody against a bat SARSr-CoV Rp3 nucleo-
capsid protein (Np) prepared in-house, viral antigens were detected in the bronchial
epithelial and alveolar cells of lungs with higher viral loads (Fig. 6).

DISCUSSION

Before the COVID-19 pandemic, we and other groups reported that horseshoe bats car-
ried a large number of SARSr-CoVs with great genetic diversity, some of which used human
ACE2 as a receptor, indicating their interspecies transmission potential (24, 25). Infection
experiments have demonstrated that some bat SARSr-CoVs can induce pneumonia in
human ACE2-transgenic mice but have low pathogenicity compared to SARS-CoV (26, 27).
Therefore, a thorough risk assessment of novel SARSr-CoVs and other unknown viruses in

FIG 5 Legend (Continued)
infiltration at 1dpi. Moderate peribronchial (blue arrows) and perivascular (green arrows) infiltration and interstitial pneumonia were observed at 3 dpi,
with inflammatory cell infiltration (pink arrow), and focal hemorrhage (red arrows). HFH4-hACE2 mouse showing interstitial pneumonia with thickened
alveolar septa (black arrows) and damaged alveoli (orange arrows). Moderate peribronchial (blue arrows) and perivascular (green arrows) infiltration
and interstitial pneumonia were observed at 3 dpi, with thickened alveolar septa (black arrows) and inflammatory cell infiltration (pink arrow),
damaged alveoli (orange arrows), and focal hemorrhage (red arrows). (J to L) H&E staining showing mild peribronchial (blue arrows) and perivascular
(green arrow) infiltration at 5 dpi. Moderate peribronchial (blue arrows) and perivascular (green arrows) infiltration and interstitial pneumonia were
observed at 1 dpi in KI-hACE2 mouse lung. In addition to confirming cell infiltration, thickened alveoli (black arrows) were also observed at 3 dpi.
Damaged alveoli (orange arrows) were observed only in KI-hACE2 mice at 5 dpi. (M to O) Semiquantitative analysis of the pathology of the H&E-
stained lung section from infected mice 1 (n = 6), 3 (n = 6), and 5 (n = 6) dpi. Error bars indicate the standard error. Images were collected using a
Pannoramic MIDI system. Bars, 200 mm.

FIG 6 Antigen detection in mice after MpCoV-GX infection. Lung sections of wild-type BALB/c mice, HFH4 mock-infected mice,
and KI-hACE2 mice were examined. Viral antigen was detected in lung bronchi and alveoli collected at 1, 3, and 5 dpi, using a
SARSr-CoV-Rp3 Np polyclonal antibody. Images were acquired using the Pannoramic MIDI system. Bars, 100 mm.
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wildlife reservoirs based on in vitro and in vivo virus infection data is important for preven-
tion of future disease emergence and preparation of countermeasures.

In this study, we first performed in vitro infection with MpCoV-GX in A549 cells expressing
ACE2 from humans, pangolins, Rhinolophus bats, civets, or swine and found that all of them
had limited susceptibility to virus replication (Fig. 1). In addition, we demonstrated that some
cell lines from humans, nonhuman primates, Chinese horseshoe bats, swine, and minks were
susceptible to MpCoV-GX but with different replication efficiencies (Fig. 3). Our results are con-
sistent with previous results showing that both MpCoV-GX and -GD S RBDs have a high bind-
ing affinity to human ACE2 (22, 28). Most SARSr-CoVs, including SARS-CoV and SARS-CoV-2,
cannot infect or have limited infection potential in wild-type mice (29–32). Therefore, human
ACE2-transgenic mice have been widely used to evaluate the pathogenicity of this group of
viruses instead (32–35). In this study, we demonstrated that MpCoV-GX successfully infected
three mouse models, including wild-type BALB/c mice, human ACE2-transgenic mice, and
human ACE2 knock-in mice, though the infected animals presented no obvious clinical symp-
toms (Fig. 4) and only slight histopathological changes in the lungs (Fig. 5). Taken together,
the in vitro and in vivo experimental data suggest that pangolin SARSr-CoV-2 poses a risk of
interspecies infection to humans and other animals, though it may not be a highly pathogenic
strain.

Pangolin SARSr-CoV-2 viruses are more distantly related to SARS-CoV-2 than RaTG13 and
the cluster of BANAL viruses from bats in Laos. However, studies based on protein interac-
tion and pseudovirus infection have shown that MpCoV-GX and -GD exhibit higher RBD
binding affinity to human ACE2 and higher infectivity in SARS-CoV-2-permissive cell lines
than RaTG13, which showed almost no infectivity in various cell lines (22, 36). Furthermore,
the S proteins of the pangolin coronaviruses can use ACE2 receptors from a broader range
of host species than can the S protein of RaTG13 (23, 36). These findings, along with the
results in this study, suggest that despite their lower genetic similarity to SARS-CoV-2, the
interspecies infection risk of pangolin coronaviruses cannot be underestimated. Besides
MpCoV-GX characterized in this study, special attention should be paid to MpCoV-GD
because of its wide range of ACE2 usage and high infectivity in cell lines from a wide variety
of animals and humans (36). Our study highlights the need for continued surveillance and
characterization of coronaviruses among pangolins and animals or humans exposed to pan-
golins in order to identify any novel variants of SARSr-CoV-2 and understand their risk of
interspecies transmission. Besides bats and humans, coronaviruses can infect a wide range
of domestic and wild animals, including pigs, birds, cats, ferrets, and dogs (37–41). We pro-
pose that for better prevention of and precautions against future emerging coronaviruses,
extensive coronavirus surveillance studies in animal hosts need to be pursued worldwide.
Such surveillance should target not only free-ranging wildlife but also captured or smuggled
species such as pangolins, as well as domestic animals with potential exposure to wildlife. In
addition, wildlife managers, customs officers, and quarantine-related personnel should be
given priority in concern because these people have higher chances of contact with animals
and are more likely to be infected.

In this century, human society has encountered several emerging infectious dis-
eases unpreparedly, including the SARS and COVID-19 pandemics, suffering tremen-
dous losses to public health and the global economy. The lesson of these pandemics
has convinced us of the necessity of preparing prophylactic and therapeutic methods
against viruses that may cause new diseases but have yet to emerge. Considering the
spillover potential of MpCoV-GX, we conducted preliminary antiviral drug screening
for this novel coronavirus and identified six monomeric compounds that exhibited
efficient anti-MpCoV-GX and anti-SARS-CoV-2 activities from the Anti-COVID-19
Traditional Chinese Medicine Compound Library, including artemether, artesunate,
arteannuin B, echinatin, licochalcone B, and andrographolide (42). Similar researches
aimed at identifying and developing effective antiviral agents, as well as antibodies
and vaccines against novel SARSr-CoVs of animal origin, should be advocated in the
future, as the technical reserve of these countermeasures would be highly valuable
for preparedness for the next coronavirus pandemic.
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MATERIALS ANDMETHODS
Cells, viruses, and antibodies. Thirty cell lines (Table 1) derived from different host species, including

human (A549, HeLa, Hep2, Huh7, RD, Calu-3, Caco-2), monkey (Vero, LLC-MK2, VeroE6), bat (RsKT, RsLu, MdKi,
RlKT, PaKi), swine (ST, SIEC, IBRS, LLC-PK1), dog (MDCK), mink (Mv.1.lu), hamster (BHK21, V79, CHO), rat (BRL,
H9c2), and mouse (L929, MS1, SYF, FL83B), were tested for susceptibility and viral replication efficiency. All bat
cells were developed in-house. RsKT and RlKT cells derived from R. sinicus and Rousettus, respectively, and PaKi
cells derived from Pteropus were kindly provided by Linfa Wang (Duke-NUS Medical School, Singapore). These
are continuous cell lines that stably express the large T antigen of simian virus 40. ST cells were kindly provided
by Shaobo Xiao (College of Veterinary Medicine, Huazhong Agricultural University). Other cell lines were
obtained from the National Virus Resource Center of the Wuhan Institute of Virology (Wuhan, China).
Depending on the cell type, cells were maintained in minimum Roswell Park Memorial Institute 1640,
Dulbecco’s modified Eagle’s medium (DMEM), or DMEM–F-12 (all from Gibco), according to the supplier’s
instructions. The cell lines were routinely tested for mycoplasma and were maintained mycoplasma free. The
cells were maintained at 37°C in the presence of 5% CO2. MpCoV-GX (GenBank accession no. MT040334.1) was
isolated in 2019 (14). A rabbit polyclonal antibody against SARSr-CoV Rp3 Np, which shares.90% amino acid
identity with SARS-CoV-2, was developed in-house.

Expression constructs, protein expression, and purification. Codon-optimized S RBDs of MpCoV-
GD (S residues: amino acids [aa] 326 to 579, accession no. MT121216) and MpCoV-GX (S residues: aa 330
to 583, accession no. MT040334.1) were synthesized at Sangon Biotech (Shanghai, China) and cloned
into an expression vector with an N-terminal signal peptide and a C-terminal S tag, as previously
described (28). The ectodomains of human ACE2 (aa 19 to 615, accession no. AB046569), Malayan pan-
golin ACE2 (aa 19 to 615, accession no. XM_017650263.2), and mouse ACE2 (aa 19 to 615, accession no.
NM_001130513.1) were amplified or synthesized and cloned into the expression vector with an N-termi-
nal signal peptide and a C-terminal S tag.

The RBD and ACE2 proteins used in the biolayer interferometry-based binding assay were produced
in HEK293-F cells. The cells were transiently transfected with expression plasmids using PEI Max transfec-
tion-grade linear polyethylenimine hydrochloride (catalog no. 24765-1; Life Technologies) and cultured
at 37°C in a humidified 5% CO2 incubator. Supernatants were harvested when the cell viability was 95%
and centrifuged at 4,000 � g and 4°C for 10 min. The clarified supernatants were purified using S tag
agarose beads and eluted with 3 M MgCl2. The purified protein was buffered with phosphate-buffered
saline (PBS), quantified using a Qubit 2.0 fluorometer (Thermo Fisher Scientific, Waltham, MA, USA), and
stored at280°C until use.

Biolayer interferometry binding assays. The RBD-ACE2 binding assays were performed using the
Octet Red system (ForteBio, Menlo Park, CA, USA) in 96-well microplates at 30°C with shaking at 1,000 rpm.
The RBD was biotinylated using EZ-Link NHS-LC-LC-biotin (Thermo Fisher Scientific). Streptavidin biosensors
were activated for 200 s before coupling with 40 mg/mL biotinylated RBD proteins for 600 s. A baseline was
collected in kinetic buffer (1 M NaCl, 0.1% bovine serum albumin [BSA], 0.02% Tween 20; pH 6.5) for 200 s
before immersing the sensors in 1:2 serially diluted ACE2 protein for 900 s and was then dissociated in the
same kinetic buffer for another 900 s. Data analysis included reference subtraction. Interstep correction and
Y-alignment were used to minimize tip-dependent variability. Curve fitting was performed in a 1:1 model
using Octet data analysis software v7.1 (ForteBio). Mean Kon and Koff values were determined by applying a
global fit to all data. The coefficient of determination (R2) for the interactions was close to 1.0, as reported pre-
viously (28).

Testing of the ACE2 receptor usage for MpCoV-GX infection. The ACE2-expressing plasmids were
maintained in our laboratory. A549 cells transiently expressing ACE2 were prepared using FuGENE HD
(Promega, USA) in a confocal dish, and vector-transfected cells were used as controls. MpCoV-GX cul-
tured in VeroE6 cells was used for infection at an MOI of 1. After adsorption at 37°C, the supernatant was
removed and the cells were washed twice with PBS and incubated in medium. At 24 h postinfection
(hpi), the cells were washed with PBS and fixed with 4% paraformaldehyde at room temperature for
30 min. ACE2 expression was detected using a mouse anti-S tag monoclonal antibody (made in-house)
and a fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG(H1L) (ab96879; Abcam). Viral repli-
cation was detected using a rabbit antibody against the Rp3 Np (1:2,000) and a Cy3-conjugated goat
anti-rabbit IgG (1:200, ab6939; Abcam). Nuclei were stained with 49,6-diamidino-2-phenylindole (DAPI)
(Beyotime). The staining patterns were examined by confocal microscopy using a Stellaris 8 WLL micro-
scope (Leica).

Immunofluorescence assay. Cell susceptibility was determined by an immunofluorescence assay
targeting Rp3 Np in virus-incubated cells. Briefly, cells in 24-well plates at 80% confluence were inocu-
lated with MpCoV-GX (MOI = 0.1). After 1 h, the infected cells were washed with PBS and maintained in
DMEM or DMEM–F-12 (Gibco) supplemented with 2% fetal bovine serum. At 24 hpi, the cells were fixed
with 4% paraformaldehyde at room temperature for 30 min and permeabilized with 0.1% Triton X-100.
The cells were blocked with bovine serum albumin (5%) diluted in PBS for 1 h and then incubated with
rabbit anti-Rp3 Np polyclonal antibody for 1 h. After three washes with PBS, the cells were incubated
with Cy3-conjugated anti-rabbit IgG for 1 h, followed by DAPI staining for 15 min. After three washes
with PBS, fluorescence images were acquired and examined using an AMF4300 Evos FL cell imaging sys-
tem (Life Technologies, Carlsbad, CA, USA).

Animal infection experiments. All animals infected with MpCoV-GX were handled in biosafety level
3 animal facilities in accordance with the recommendations for animal care and use of the Institutional
Review Board of the Wuhan Institute of Virology of the Chinese Academy of Sciences (CAS; study ap-
proval number WIVA05202014). Mice were inoculated with the virus under proper anesthesia, and
efforts were made to minimize any potential pain and distress. Eight- to 12-week-old wild-type BALB/c
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mice (Laboratory Animal Centre of the Wuhan Institute of Virology, CAS), HFH4-hACE2 mice (kindly pro-
vided by Ralph Baric from the University of North Carolina), and KI-hACE2 mice (generated at Shanghai
Model Organisms Center Inc. and bred in the Laboratory Animal Centre of the Wuhan Institute of
Virology, CAS) were randomly divided into two groups: (i) a survival monitoring group comprising 12
mice for body weight and survival monitoring, in which 4 males and 4 females were inoculated with the
virus and 2 males and 2 females were inoculated with DMEM as a control, and (ii) a pathology progres-
sion group comprising 24 mice for testing of virus replication and observation of pathological changes,
in which 9 males and 9 females were inoculated with the virus and 3 males and 3 females were inocu-
lated with DMEM as a control. Mice were anesthetized with 250 mg avertin (Sigma-Aldrich, St. Louis,
MO, USA) per kg of body weight before they were inoculated intranasally with 4 � 105 TCID50 of MpCoV-
GX or DMEM as a mock control. Clinical symptoms and body weight in the survival monitoring group
were recorded daily for up to 12 days. Virus replication was determined in tissues collected from 6 mice
at 1, 3, and 5 dpi.

RNA extraction and RT-qPCR. Cell lines derived from different hosts in 6-well plates were inoculated
with the virus at an MOI of 0.1. Two hundred microliters of supernatant was collected at 0, 12, 24, 48, 72, and
96 hpi. RNA was extracted using a QIAcube HT instrument (Qiagen, Hilden, Germany). Mouse organs were
homogenized in DMEM, and viral RNA was extracted using the QIAamp viral RNA minikit (Qiagen). A one-
step quantitative reverse transcription-PCR (RT-qPCR) assay targeting the RNA-dependent RNA polymerase
(RdRp) gene was used to detect MpCoV-GX using AgPath-ID one-step RT-PCR reagent (Applied Biosystems,
USA). Specific primers for MpCoV-GX RdRp (forward, 59-CAAAATGTGATAGAGCCATGCC-39; reverse, 59-GAAAC
GATGTGACAAACTACAGC-39) and a fluorescein-labeled probe (59-6-carboxyfluorescein [FAM]-TGCGAGCAA
GAACAAGAGAAGCCA-BHQ1-39) were designed according to the reference sequence (accession no.
MT072864.1). Reaction mixtures were incubated at 50°C for 10 min, followed by 95°C for 5 min, and then
underwent thermal cycling at 95°C for 15 s and 55°C for 40 s for 45 cycles. RNA from diluted live virus of the
purified MpCoV-GX stock and a plasmid containing the RdRp gene of the virus were used as standards.

Histological analysis. Lung samples were collected in formalin and embedded in paraffin for pathological
analysis. Fixed samples were used for H&E staining, and immunofluorescence assay was performed for
MpCoV-GX antigen detection. Optimized protocols were used in the H&E and immunohistochemical staining
as previously described (33).
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